The aim of the present paper is to study and model the fatigue behavior of short glass fibers reinforced polyamide-66 
ranges below Tg, the slope and intercept of the approximated S-N curve, tended to decrease with increasing temperature. These results were confirmed by Noda et al. [9] .
Moreover, Jia and Kagan [10] found that the highest fatigue strength was reached at −40°C, and fatigue strength significantly reduced at elevated temperatures. In the study of Sonsino and Moosbrugger [11] and de Monte et al. [12] , the same results was found. Furthermore, they found that the slopes of the Wohler-curves remain nearly constant.
Cyclic frequency effect on the fatigue behaviour of PA66-GF was investigated. It was found that increasing the frequency induces a self-heating phenomenon resulting from viscoelastic nature of the matrix and frictional heating in the composite [8] . The higher the frequency is the smaller the fatigue life is [9, 11, 13] . In the study of Bellenger et al. [14] , two fracture modes were established: (i) a thermal mode when the temperature of the material can increase without equilibrium plateau until the sample fracture occurs and (ii) a mechanical mode governed by crack initiation and propagation. They conclude that both thermal and mechanical fractures occur at 10 Hz frequency. At 2 Hz frequency, the fracture is only mechanical and the matrix is still in the glassy state at break. Moreover, Zhou and Mallick [15] concluded that at frequencies less than 2 Hz, the failure mode was due to fatigue and the fatigue life increased with frequency. However, at frequencies grater then 2 Hz, a combination of fatigue and thermal failures took place and the fatigue life decreased with increasing frequency.
A common technique to produce PA66-GFs is the injection moulding process. This technique affect the orientation of fibres, which induces material anisotropy. Influence of this parameter is investigate using test specimens machined in different locations and at different orientations with respect to the injection moulding flow direction. Bernasconi et al. [16] showed that increasing specimen orientation angle decreases elastic modulus, ultimate tensile stress and fatigue strength. The same results was found by Zhou and Mallick [15] and Brunbauer et al. [17] . Recently, Benaarbia et al. [18] , reported that ratcheting for fibre reinforced composites oriented at 45° and 90° was much higher than that for 0° composites Moreover, Mallick and Zhou [19] evaluated the effect of the stress ratio on the fatigue behaviour of the PA66-GF33. Results of this research emphasize reduction in fatigue strength with increasing tensile mean stress. Moreover, Sonsino and Moosbrugger [11] demonstrated that mean-stresses diminish the endurable stress amplitude.
Moreover Barbouchi et al. [20] investigated water absorption influences on the fatigue behaviour of PA66-GFs. They found that the endurance limit at 10 7 cycles is greater for dried samples then for the humid samples. In Rajeesh et al. [21] , the modulus and tensile strength were found to be decreasing because of the plasticization effect due to water absorption. Furthermore, Bernasconi et al. [22] showed that stiffness, tensile strength and fatigue strength for wet specimen are considerably lower than those of the dry as moulded material. In addition, the slope of S-N curves decreased with water absorption.
Arif et al. [23] proved that the damage of a PA66-GF30 composite was mainly developed in the interfacial bonding of the fibre and the matrix, despite the fact that, matrix microcracks were dominant at the core layer perpendicular to the flow direction.
Many other parameters can affect the fatigue behaviour of PA-GF. For a review of parameters affecting the fatigue behaviour of composites materials in general, the reader is referred to Wicaksono and Chai [24] .
Loading condition, stress ratio, amplitude of the applied loading and frequency are indeed very important factors that affect the fatigue behaviour of PA66-GFs, moreover the fiber content leads to variation of the mechanical properties of these materials. In this framework, the present paper intends to investigate and model the fatigue behaviour of PA66-GF. The emphasis of this work is on the effect of loading amplitude and fibre content. Quasi-static and fatigue tests were conducted for two different fibre percentages. S-N curves and curves for the force acting in the composite specimen are deduced. Based on the variation of elasticity modulus a new fatigue damage model is presented to predict the damage growth. The proposed model was used to predict damage evolution results, which was then compared with experimental results. A good agreement between experimental and numerical results is observed.
Material and experimental techniques
The material investigated in this study is a short glass fiber reinforced polyamide-66 containing 30% wt and 20%wt of short glass fibres. These materials are obtained by combination of two commercial products produced by Radici Plastics (RADICI GROUP) and commercially available under the trade name of Heramid A NAT (PA66) and A NAT FV030 (PA66-GF30). Specimens for tensile tests are types 1A, according to ISO 527-2 standard. However, fatigue test specimens were milled from moulded plates. Therefore ISO 527-2 specimens and rectangular plates, 125±0.5x105±0.5x4±0.1 mm, were injection moulded as shown in Fig. 1 .
Specimens for fatigue testing were cut in the flow direction to dimensions of 115±0.5 mm long by 15±0.1 mm wide, 4±0.1 mm thicknesses on a water-cooled CNC machine with a diamond coated carbide end mill. They were named PA66-GFxx as shown in Fig. 2 . (Here the xx stands for the fiber content)
The elastic properties of the studied composite were measured according to ISO 527-1 standard. The tensile tests were carried out with a 10 kN Instron machine equipped with a RUDLPH laser extensometer under cross head speed of 1 mm/min as specified in ISO 527-1 standard.
Investigations of fatigue behavior of composite materials have been done using various fatigue experiments.
Uniaxial tension or compression fatigue tests were preferred. However, many researchers used bending fatigue experiments [13, 14, 21, [25] [26] [27] [28] [29] among others. In this paper, displacementcontrolled bending fatigue tests have been used to provide the experimental results. This type of experiment was preferred because the geometry and loading conditions are very simple. Moreover, stresses and strains can vary along the gage length of the specimen. Furthermore, in bending tests, a different behavior and damage development of the specimen at the tension and compression side can be monitored. In addition, stress redistribution through the specimen thickness can be observed. Fatigue tests were performed using the in-house developed flexural fatigue experimental device as shown in Fig. 3 . The outcoming shaft of the motor has a rotational speed of 1500 rpm. A variable-frequency drive is used to provide different fatigue testing frequencies. The alternating displacement (u(t)) is imposed using an adjustable crank-linkage mechanism. This mechanism imposes an alternating movement to the slider trough the connecting rod. At the end of the slider, a force gauge is connected to the specimen fixture in order to measure the force acting in the composite specimen. The other end of the specimen is clamped using four clumping bolts at equal constant torque. Hence, the specimen is loaded as clampedclamped beam with one moving clamp (Fig. 4) . The amplitude of the imposed displacement can be varied using the adjustable crank. The displacement ratio ( R d = u min / u Max ), analogue to the load ratio, can be chosen by adjusting a nut screw system. All the fatigue tests were carried out at room temperature under constant sinusoidal displacement with a displacement ratio R u = 0 at 23°C. Load cycles were applied with a cyclic frequency of 2 Hz, in order to reduce the temperature increase of the specimen due to the self-heating phenomena Handa et al. [8] . The force acting on the specimen and displacement data were continuously recorded. Various experiments were performed in which the maximum applied displacement ( u Max ) varied between 8 mm and 12.5 mm. At least three tests were performed for every applied displacement. Figure 5 illustrates the beam model and the real deformed specimen. The specimen is considered as a clamped-clamped beam, with a fixed end and (Point A) a moving end (Point B). At the moving clamp, an alternating displacement u B = u Max is imposed. The bending length is 60 mm. Figure 5b shows the real deformed configuration witch justify the analytical assumptions. The corresponding force F , necessary to impose the bending displacement, is given by the following equation.
Where h is the specimen thickness, b is the specimen width and L is the bending length.
According to the bending moment distribution, the most constraint part correspond to the point A, the maximum induced stress in that particular point is given by the flowing equation
A finite element simulation is performed to validate the proposed analytical model. The specimen is clamped in one end and in the other end a surface is constraint to a rigid body. An imposed displacement is applied to the rigid body (Fig. 6) . Analytical, finite element and experimental results are compared as shown in Fig. 7. and Fig. 8 . It is worthwhile to note the good agreement between the found results. 
Quasi-static results
Stress-strain curves of the studied composites under tensile tests are shown in Fig. 9 . The higher fiber content is the higher the mechanical properties. Increasing the fiber content leads to an increase in tensile strength (σ R ) and elastic modulus. However, the deformation capabilities are reduced. A loss of ductility is observed, PA66GFs present brittle behavior with small failure strain (ε R ), whereas the unfilled polyamide presents ductile behavior with large failure strain ( Table 1) . These results are in good agreement with those published by Ghorbel et al. [6] . 
Fatigue results
Material stiffness degradation is used as a measure of damage accumulation in order to monitor and understand the damaging mechanism of fatigue loaded composite material throughout the service life. Although bending fatigue tests are not commonly used in fatigue investigation, they are preferred by many researchers [25] [26] [27] [28] [29] . The use of these tests is justified by the facts that: (i) Mechanical components are often loaded in bending in service conditions. (ii) The buckling effect is avoided when compared to tension/compression fatigue. (iii) Stresses, strains and damage distribution vary along the gauge length of the specimen, which allows studying fatigue damage in more complicated conditions. (iv) The required forces for bending fatigue are much smaller than those required for tension/compression fatigue tests.
To evaluate the stiffness degradation and damage growth in the studied material fatigue experiments were performed with different values of the imposed displacement. The complete time history of the stiffness degradation recorded is shown in Fig. 10 . The maximum force acting in the composite specimen is deduced from these results. It is worthwhile to note the three stage of stiffness degradation defined by Van Paepegem and Degrieck [29] , Nouri et al. [31] and Bellenger et al. [13] among others.
The specimen behavior exhibits three distinct stages of stiffness degradation during displacement controlled bending fatigue tests: (i) The first stage shows rapid stiffness reduction caused by the development of matrix micro-voids; (ii) In the second stage, the dominant damage mechanisms are coalescence and propagation of the micro-cracks. A gradual stiffness reduction of the material occurs in an approximately linear manner. The majority of fatigue life is categorized under this region. (iii) The last stage is characterized by sudden stiffness reduction followed by total failure. The most dominant failure in this region is fiber fracture and macroscopic crack propagation [14, 31] . The evolution of the maximum induced stress acting in the composite specimen versus the number of cycles is shown in Fig. 11 and 12 using logarithmic scale. The higher applied displacement is the higher the initial force acting in the composite specimen. The curves display three stages: The first stage is characterized by a decrease of the material rigidity corresponding to the material accommodation phase. In the first few cycles, the loss of material stiffness is rapid (Fig. 11 and Fig. 12 ). In the second stage, the force acting in the composite specimen decreases rapidly due to fiber breakage. The last stage corresponds to crack propagation and coalescence until sudden rupture. Furthermore, increasing applied displacement amplitude reduces the fatigue life without modifying the damage kinetic. Increasing fiber percentage increases the rigidity of the composite material. Therefore, for the same applied displacement the specimen with the higher fiber content has the lowest fatigue life. Figure 13 shows typical failure mode of a PA66-GF20 specimen subjected to fatigue loading under a prescribed displacement of 8.85 mm. The clumped section was broken within the tension side. However, no observable damage was detected in the moving section. Failure started from tensile loaded side to compressive loaded side of the specimen. The fatigue behavior of the studied materials is investigated through the S-N curves. The maximum initial applied stress versus the number of cycles to failure is reported in Fig. 14 . The points related to the different fatigue tests fall into a line, which can be fitted according to Noda et al. [9] by the following equation
Where A is the slope of the S-N curve, which means the sensitivity of the fatigue resistance and B, is the intercept donating the apparent flexural strength. The values of these fatigue constants are listed in Table 2 . The S-N curves shown in Fig. 14 display the same shape, hence the same kinetic of fatigue. However, curves have different slopes and intercepts. Hence, the fiber content has a significant effect on the sensitivity of the fatigue resistance (A) and on the apparent flexural strength (B). Moreover, for nearly the same initial applied maximal stress, the higher the fiber content is the lower the fatigue life is. Therefore, we can conclude that increasing the fiber content leads to more fragile structure, which reduces the fatigue life under fatigue bending condition. 
Fatigue damage model
In the present study, a unidirectional model for fatigue damage is proposed. One local damage variable D is associated with the longitudinal stiffness loss. Hence, the fatigue damage law applies to uniaxial loading conditions. The stresses and strains are related by the following equation
where E 0 is the initial modulus. The damage development of composite materials can be described by stiffness degradation of materials under fatigue loading. The elastic modulus reduction can be used as damage tracer. The experimental results show that the measured Young's modulus or stiffness just before complete failure of the specimen is not zero, thus, the damage variable is defined as [32] 
where E is the residual Young's modulus and E f is the Young's modulus toward the end of life. The residual modulus is calculated using the following equation
A fatigue damage model, very similar to the model proposed by Chaboche [33] and Wu and Yao [34] is presented to describe the stiffness degradation rule of composite materials in the loading direction. The proposed fatigue damage model can be specified as
N f is the fatigue cycle number until failure, N is the current number of cycle, α and β are model parameters and D is the fatigue damage parameter.
Based on the experimental results, least square fitting procedure using the modified algorithm of Levenberg Marquardt was applied to determine the Model parameters. The function that defines the least-squares problem can be written as
nt is the number of test for each material, np is the number of experimental points for each test, D Exp is the damage experimental value (Eq. (5)) and D Num is the damage numerical value (Eq. (7)).
The obtained values of the model parameters are listed out in Table 3 . Curves presented in Fig. 15 , to Fig. 20 give the fatigue damage growth obtained under different loading amplitude for two different fiber contents. Fatigue damage curves shows three stages: In the first stage, multiple damage modes are acting within the material and the fatigue damage raises rapidly. The damage increases in a linear manner during the second stage due to crack growth and coalescence until it reaches saturation. In the final stage fiber failure, interfacial debonding leads to the sudden failure of the composite material. These results are in good agreement with experimental observation found by Reifsnider [35] . It is worthwhile to note that there is a good agreement between experimental results and numerical ones. 
Conclusion
This paper has discussed several topics concerning fatigue damage of short glass reinforced polyamide. The quasi-static elastic properties of the composite material are enhanced, increase in the elastic modulus and tensile strength, with increasing glass fiber content. However, the rupture behavior changes from ductile to brittle. The effect of fiber percentage on the fatigue behavior of short glass fiber reinforced polyamide is investigated. Damage growth kinetic is not affected by the fiber content. However increasing the fiber content decreases the fatigue life. Based on the stiffness degradation of composite materials under fatigue loading, a phenomenological fatigue damage model is presented. Comparison between analytical and experimental results shows the ability of the proposed model to describe damage evolution in composite materials. The developed model herein describes with acceptable accuracy the three stages of damage growth found experimentally.
